Introduction
An evaluation of the lead content in soft tissue is a necessity if physicians are to deal effectively with the clinical risk factors of lead exposure and intoxication. It has been assumed that the concentration of lead in the blood reflects the level of lead in the soft tissues perfused by that blood [7, 15] . Clinical experience indicates that this assumption is generally correct. It has also been assumed that in the presence of anemia, levels of lead in blood do not reflect contemporaneous exchangeable lead in the soft tissues, since the reduced circulatory erythrocyte volume limits the uptake of lead by the blood [9] . Because of this concern, it has become a dictum that the clinical evaluation of a given level of lead in blood requires correction to the value that would be expected if the patient's hematocrit were normal [1, 6, 9, 15, 19] . In the presence of a moderate degree of anemia, this may necessitate a significant correction of the level of lead in blood and a substantial upward reassessment of the lead burden in soft tissue. In view of the frequent association of anemia and lead intoxication [20] , such correction may materially contribute to the number of patients in whom treatment is mandated.
The assumption that in anemia the volume of circulating erythrocytes may be a limiting factor in the capacity of the blood to transport lead is based on the observation that lead in blood is found mainly in association with erythrocytes [3, 8, 14, 16] . Thus, it is well known that a reduction in the concentration of erythrocytes in a blood sample produces an almost stoichiometric reduction in concentration of lead in blood. However, on closer inspection, it is clear that the manipulation of pre-existing concentrations of lead in blood by changing the hematocrit provides no information relevant to an understanding of the relation between hematocrit and uptake of lead by blood. This study was undertaken to study this relation in vitro and in vivo and to examine the validity of the assumption that anemia is a limiting factor in the uptake of lead by the blood.
Materials and Methods

In Vitro Studies
Blood from healthy blood bank donors was collected from the antecubital vein into heparin, 10 U/ml (Na heparin USP). The blood was used immediately after collection or stored at 4° and used within 24 hr. No difference in uptake of lead by erythrocytes between fresh and stored blood was noted. Plasma was removed after centrifugation of blood (10 min at 1000 rpm in a Sorvall GLC-1 centrifuge [21]), and where necessary, plasma was added to blood to obtain a desired hematocrit. Blood specimens (2 ml) were brought to 37° and a tracer dose of 210 Pb or a tracer dose and a predetermined amount of lead acetate were added to raise the lead concentration in blood by a desired amount. The 210 Pb (8.2 mCi/mg Pb(NO 3 ) 2 [22]) was diluted with isotonic saline and a 100-^1 volume which contained 0.4 /tCi was added per 2-ml blood specimen. Lead acetate (molecular weight 379.3 [23] ) at various concentrations in isotonic saline was similarly added in a 100-^1 volume. The blood was incubated at 37° with periodic mixing and samples of 250 pi were removed at intervals of 1-60 min for hematocrit and whole blood and plasma radioactivity measurements (4200 gamma counter [24] ). For greater accuracy, the volumes of the blood and plasma specimens were determined by weight. The uptake of lead by erythrocytes was based on the following calculation:
The erythrocyte uptake of nonradioactive lead [Pbjeryth,.., expressed as micrograms per 100 ml or as percentage of uptake of lead added to the specimen, was calculated from the proportional uptake of 210 Pb. A dialysis membrane system and Millipore filter system were used for lead diffusion studies. The dialysis membrane system consisted of a dialysis sac (cellulose dialyzer tubing [25] ), which had been presoaked in isotonic saline for 24 hr. The sac contained 1 ml plasma to which was added 200 fil 210 Pb solution (0.8 M Ci) and, where indicated, 100 ^.1 lead acetate at a concentration to raise the concentration of lead in plasma by 100-1,100 /ig/100 ml. The dialysis sac was immersed in 10 ml blood at various hematocrits and was incubated at 22° for 3 hr with constant mixing. Blood samples (250 ju. 1) were removed at 60-, 120-, and 180-min intervals, and the uptake of 210 Pb was determined. This was expressed in terms of percentage of uptake of added lead. Equilibration was approached by 120 min.
The Millipore filter system consisted of an equilibrium dialysis cell (2.5-ml total capacity [26] ), in which the two compartments were separated by a Millipore membrane (plain, white, pore size 0.45 /A). One compartment contained 0.8 ml blood at hematocrit 27%, to which was added 150 ^1 210 Pb solution (0.6 ^Ci), and, where indicated, 100 fj. lead acetate to raise the level of lead in blood by 125 or 250 /xg/100 ml. A 1.6-ml sample of blood at hematocrit 27% or 55% was placed in the other compartment. The cell was incubated with mixing at 22°, and the blood was sampled (250 fxl) periodically for 210 Pb determination. The results were expressed in terms of percentage of uptake of added lead. Equilibration was approached by 120 min.
In Vivo Studies
Uptake of intraperitoneal lead. Rats (Wistar strain [27] ), which weighed approximately 175 g, were anesthetized with Na pentobarbital (Diabutal, 6 mg/100 g body wt) and the carotid artery and jugular vein were cannulated after heparinization (0.5 U Na heparin USP/g). Three or more rats were utilized per experiment. Four milliliters of arterial blood (in 2-ml aliquots) were collected, centrifuged, and the packed erythrocytes removed. The plasma was returned to the rat. The packed erythrocytes were infused via vein into another rat, and the third rat was used as a shamoperated animal. Hematocrits were periodically checked and after equilibration at 30 min, 1 ml 210 Pb (20 ;u.Ci), and, where indicated, an additional 1 ml lead acetate (50 /xg lead) was given by intraperitoneal injection. Arterial blood was sampled at 30, 60, 120, and 180 min, and hematocrits and 210 Pb levels were determined. Equilibration was approached by 120 min. Results were expressed in terms of counts per minute per milliliter of blood.
Chronic lead exposure in rats. Rats were given 1% lead (in the form of lead acetate) in tap water as their sole source of drinking water before and during pregnancy. The dams were maintained on this regimen during suckling. After weaning, the litters were similarly maintained for a 4-month period. Concentrations of lead in blood, utilizing a flameless atomic absorption microtechnique [17] , and hematocrit levels were periodically determined.
Chick embryo studies. Embryonated eggs (White Leghorn) were incubated at 38° at high humidity, candled for viability, and on the 4th day, injected into the yolk sac with 50 or 75 ^g lead acetate (250 /xg/ml). After 14 more days of incubation, 67% of control embryos, 52% of 50 yug lead acetate-injected, and 34% of 75 jug lead acetate-injected embryos survived. Embryos were removed rapidly, the omphalomesenteric blood vessels were transsected, and free flowing blood was collected for determinations of hematocrit and lead levels [17] .
Maternal-neonate studies. Hematocrit and blood lead [17] levels were performed [28] on 35 randomly selected healthy, full term neonates and their mothers, within 24 hr of birth.
Results
The kinetic data of lead uptake by human erythrocytes in vitro at varying lead levels at hematocrit 25% and 65% are shown in Figure 1 . Table I gives the percentage of uptake of lead by erythrocytes at hematocrits of 25, 41, and 65% after equilibration with increasing amounts of added lead. It is clear that the proportion of added lead taken up by erythrocytes is little influenced by variation in hematocrit at lead levels below 250 /ug/100 ml. It is only at lead levels in the 1,000 /j.g/100 ml range that the percentage of uptake of lead becomes proportional to the hematocrit, which indicates that the erythrocyte volume has be Pb and lead acetate were added to blood at hematocrit 25% and 65% to raise the level of lead in blood by 62, 125, and 250 jtig/100 ml. Lead uptake by erythrocytes in micrograms per 100 ml was determined at 1-, 3-, 5-, 10-, 30-, and 60-min intervals after incubation at 37°. 1 Percentage of uptake by erythrocytes of a tracer dose of 210 Pb and increasing amounts of lead acetate (expressed as pg/100 ml added lead). The lead was added to blood at hematocrits of 25, 41, and 65% and the percentage of uptake of the added lead was determined at equilibration after 60 min incubation at 37°. 2 Tracer amount of 210 Pb only.
come the limiting factor in uptake of lead by erythrocytes.
The percentage of uptake of added lead by the cells after equilibration was determined in blood specimens with hematocrits which ranged between 1% and 65%. The results (Fig. 2) show that at hematocrits above 10%, the total erythrocyte volume is not a significant limiting factor in the uptake of lead by erythrocytes at blood lead levels of 80 ^g/100 ml.
The uptake of lead by whole blood in vitro was studied by means of a dialysis system. In these experiments, the diffusion of lead from a compartment which contained plasma, across a dialysis membrane into a compartment which contained blood at various hematocrits, was determined. Equilibration was reached within 120 min and the percentage of uptake of lead by the blood was measured. The results of three representative experiments, over a wide range of levels of lead in plasma, are shown in Table II -A. The presence of a larger volume of erythrocytes did not enhance the diffusion of lead into the blood. Paradoxically, blood at lower hematocrits was consistently found to take up somewhat greater quantities of lead. An equilibrium dialysis cell system was used to determine the diffusion rate of lead from blood at hematocrit 27% across a Millipore filter (0.45 p pore size) into blood at hematocrits of 27% and 55%. The results of this study at two levels of lead in blood are shown in Table II -B. These data show that the diffusion of lead from blood at low hematocrit in one compartment, to blood at a similar or higher hematocrit in another compartment, is little influenced by the erythrocyte volume.
The relation between circulating erythrocyte volume and short term uptake of lead in blood in vivo was studied in anesthetized rats after the removal or administration of erythrocytes to achieve a wide range in hematocrits. The rats were then given intraperitoneal injections of either (1) a tracer dose of 210 Pb or (2) a similar tracer dose plus 50 /xg lead. Serial blood sampling showed an initial increase in the appearance of radioactivity in the blood which approached equilibra- Percentage of uptake of lead in blood by human erythrocytes at different hematocrits. A tracer dose o£ ""Pb and lead acetate were added to the blood at different hematocrits to raise the level of lead in blood by 80 /ig/100 ml. The percentage of uptake by erythrocytes of the added lead was determined after a 60-min incubation at 37°. 2 Diffusion of added lead from a plasma compartment, across a cellulose dialysis membrane, into a compartment which contained blood at different hematocrits. 3 Tracer amount of 210 Pb only. 4 Diffusion of added lead from a compartment which contained blood (hematocrit 27%), through a Millipore filter (0.45 M pore size), into another compartment which contained blood at hematocrits 27% and 55%. tion levels by 120 min. The range of radioactivity levels attained at equilibration are given in Table III . As indicated by the low correlation coefficients and values of P > 0.05, no relation between circulating erythrocyte volume and the uptake of lead by the blood could be demonstrated, despite the wide range in hematocrit and 210 Pb uptake. A possible relation between hematocrit and levels of lead in blood under conditions of chronic lead exposure was investigated in rats exposed to 1% lead in their drinking water before and during pregnancy. Subsequently, the litters were similarly exposed to lead for a 4-month period. Hematocrit and values for lead in blood determined at the end of that period are given in Table IV-A. No significant difference in hematocrit between control and lead-treated rats was found. As was the case in the study of short term uptake of lead by blood, no relation between hematocrit and lead in blood was apparent in the chronically exposed rats (correlation coefficient of 0.20, P > 0.05).
The relation between hematocrit and uptake of lead by blood during embryonic development was studied in the chick. Chick embryos were exposed to lead by the injection of (i) 50 ^g lead acetate or (2) 75 ju. g lead acetate into the yolk sac on the 4th day of development. Levels of lead in blood and hematocrits were determined in 14 days later. As shown in Table IV -B, no significant difference in hematocrit could be found between the control and lead-injected embryos. The difference in the doses of administered lead resulted in a significant difference in levels of lead in blood (P < 0.001). Again, despite the wide range in hematocrits and lead levels, no correlation was found to exist be- tween hematocrit and levels of lead in blood at the 50-yug lead acetate dose (correlation coefficient of 0.24, P > 0.05) or at the 75-/xg dose (correlation coefficient of 0.11, P > 0.05). The widely divergent hematocrits between mother and human fetus offer a unique opportunity to determine whether hematocrit plays a limiting role in uptake of lead by blood in man. Hematocrit and levels of lead in blood were determined in 35 neonates and their mothers within 24 hr of birth. The results of this study are found in Table IV-C. Notwithstanding the difference in mean hematocrit levels between infants (64.3%) and mothers (37.5%), the mean levels of lead in blood of 19.1 /xg/100 ml in the infants and 17.6 ju.g/100 ml in the mothers showed no statistically significant difference. No correlation was evident between hematocrit and levels of lead in blood among the infants (correlation coefficient of 0.22, P > 0.05) or the mothers (correlation coefficient of 0.24, P > 0.05). However, a £>ositive correlation was found between levels of lead in infant and maternal blood (correlation coefficient of 0.58, P < 0.01).
Discussion
The manner in which lead is associated with the erythrocyte is not well understood. It has been assumed that lead interacts with the erythrocyte membrane [2, 8] ; however, other observations suggest that lead is bound predominantly to the cell contents [4] . The present study is in agreement with previous findings [3, 8, 14] that most of the lead introduced into the plasma becomes rapidly attached to the erythrocyte and that equilibrium is attained within 5-10 min (Fig. 1) . The more rapid equilibration at higher hematocrits is in keeping with the observation that the initial reaction velocity is dependent upon the total volume of erythrocytes present [8] . The nature of the reaction remains open to speculation. The small variation in the proportional uptake of lead by erythrocytes over a wide range of values for lead in blood (Table I ) and hematocrits (Fig. 2) , indicates that, at levels commonly encountered clinically, the erythrocyte is a reactant present in considerable excess. When the data in Table I is considered in terms of concentration of lead in erythrocytes and blood, it is apparent that higher concentrations of lead in erythrocytes are found at lower hematocrits. Thus, at a levels of lead in blood in the 275 /xg/100 ml range, at hematocrit 25% the lead concentration in erythrocytes is 772 /xg/100 ml; at hematocrit 41% the lead concentration in erythrocytes is 526 /xg/ 100 ml; and at hematocrit 65% the lead concentration in erythrocytes is 377 /xg/100 ml. This increment in lead concentration in erythrocytes as an inverse function of hematocrit is a reflection of the high avidity of the erythrocyte for lead at less than saturation levels. It has been shown previously that saturation levels for erythrocytes are attained in the 1000 /xg/100 ml range [3, 14] . In this study, concentration of lead in erythrocytes ceases to be affected by hematocrit variation at levels of lead in blood in the 1,000 /xg/100 ml range. Thus, at a level of lead in blood in the 1,000 /xg/100 ml range, at hematocrit 25%, the lead concentration in erythrocytes is 967 /xg/100 ml; at hematocrit 41% the lead concentration in erythrocytes is 999 /xg/100 ml; at hematocrit 65% the lead concentration in erythrocytes is 955 tig/100 ml. These three concentrations of lead in erythrocytes are comparable, irrespective of hematocrit variation. It is clear from this data that a stoichiometric relation between hematocrit and lead uptake only exists at saturation levels for erythrocytes in the 1,000 /xg/100 ml range. At levels of lead in blood and hematocrit levels encountered commonly in clinical medicine, the high avidity and the unsaturated state of the erythrocyte with respect to lead compensates for any variation in hematocrit.
The conclusion that the erythrocyte appears to be markedly unsaturated with respect to lead and that erythrocyte volume is not a limiting factor in the uptake of lead in blood was borne out by diffusion studies utilizing two different systems. One diffusion system was based on dialysis, and the other on diffusion through 0.45-/X pores in a Millipore membrane. These systems were selected because they may represent simplified models of the process of lead uptake by blood in vivo.
In the dialysis studies (Table II-A) , the diffusion of lead from a plasma compartment into blood at different hematocrits resulted in a proportional lead uptake at equilibrium, which was similar to that found when lead was added directly to the blood. A notable finding was that the presence of a lower hematocrit did not result in a reduced uptake of lead by the blood. The obervation that plasma lead is dialyzable indicates that at least part of the lead is in a nonprotein bound form. This is in keeping with the suggestion that lead may form a lead-phosphate complex in the plasma [8] .
The use of the Millipore system (Table II-B) demonstrated that variation in hematocrit does not affect values for lead in blood attained at equilibration when lead diffuses from one blood compartment into another. This movement of lead from one compartment to another occurred without depletion of the lead content of the plasma phase, which indicates that a complex dynamic equilibrium exists between the plasma and erythrocytes in both compartments.
The in xtivo study analogous to the in vitro diffusion study was that in which lead was injected into the intraperitoneal compartment of rats and its diffusion into the blood at different hematocrits was determined. Not unexpectedly, a wide range in values for uptake of lead by blood was observed at both dosage levels of lead (Table III) . However, this variation in equilibrium values for lead in blood showed no relation to the hematocrits of rats, as indicated by the low correlation coefficients. Thus, short term equilibration studies in vitro and in vivo demonstrated no correlation between erythrocyte volume and lead uptake in the range of values commonly seen in clinical medicine.
Inasmuch as the relation between hematocrit and lead uptake may be different after slow physiologic absorption, rats were studied after exposure to a standard oral intake of lead over a period of many months. This resulted in levels of lead in blood which ranged from 21 to 64 ju.g/100 ml, as compared with the 5 to 13 jug/lOO ml range for controls (Table IV-A). The finding that no correlation could be established between levels of lead in blood and hematocrits indicates that the conclusions drawn from the short term in vitro and in vivo equilibration studies were applicable to conditions more comparable with those present in man. This was further corroborated by the observation that there was no correlation between hematocrits and levels of lead in blood in chick embryos 14 days after the administration of standardized doses of lead into the yolk sac (Table IV-B) . These experiments extended this study into the lead range where pronounced central nervous system toxicity and mortality due to lead was found [12] .
Studies on experimental animals have shown that lead moves into the circulation of the placenta and then into the fetus as though no barrier existed between the blood of the mother and the blood of the fetus [5] . The lead diffusion experiments utilizing the Millipore membrane interposed between blood of low hematocrit and blood of high hematocrit are analogous to the fetomaternal situation. The findings of the diffusion experiments suggest that, despite the marked difference in hematocrits between maternal and fetal blood, concentrations of lead in blood should be similar in both circulations. This would obviously not be the case if the hematocrit were a determining factor in uptake of lead by blood. The mother-fetus combination may thus be an "experiment in nature" which would permit a determination whether hematocrit and circulating erythrocyte volume affect lead levels in human blood. The results of hematocrit and measurements of lead in blood of the infants and mothers in this study show clearly the expected difference in hematocrits, virtually no difference in mean levels of lead in blood, and a positive correlation between lead levels in infant and maternal blood. No correlation was found between hematocrit and levels of lead in blood among infants or mothers (Table IV-C). The observation of similar levels of lead in blood of mothers and infants is in accord with several recent reports [10, 18] . It is reasonable to conclude from these observations that an equilibrium exists between the maternal and fetal circulations with respect to lead which is unaffected by the difference in fetal and maternal hematocrits. Given the same lead levels in blood in the mother and fetus and the proposition that correction for hematocrit variation is unnecessary, it may be concluded that the extent of lead exposure and lead burden in soft tissue is similar in the mother and fetus.
This study has demonstrated that, within the clinical range of values, the erythrocyte is generally present in considerable excess in the lead-erythrocyte interaction and that hematocrit variation has little influence on uptake of lead by blood. It may be concluded that there is no basis for correction of levels of lead in blood for anemia, or for that matter, erythrocytosis. Under circumstances in which the levels of lead in blood are exceptionally high, correction for anemia would be of small additional consequence in the evaluation of the clinical risk factors. Persistence in the correction of lead values in blood may result in unnecessary hospitalization and chelation therapy. In a recent report, correction for anemia resulted in an increase in levels of lead in blood to values above 60 jug/100 ml in 25% for children with lead exposure [11] . In particular, unnecessary correction may be misleading in patients with anemia due to other causes. Glucose 6-phosphate dehydrogenase deficiency was recently described as being associated with elevated concentrations of lead in blood [13] . However, this apparently was the case only after the observed values for lead in blood, which were not significantly different from the nondeficient controls, had been corrected for anemia.
The American Academy of Pediatrics [1] , the United States Public Health Service [19] , the National Research Council [15] , a recent textbook of pediatrics [6] , and others have advocated the correction of levels of lead in blood for anemia. This study questions the scientific basis and advisability of such a procedure.
Summary
Levels of lead in blood provide the best means for assessing lead intoxication. It is generally accepted that the clinical evaluation of a given level of lead in blood requires correction for anemia. This is based on the assumption that the capacity of the blood to carry lead is limited by the volume of erythrocytes. The following results question the validity of this assumption at hematocrit and lead levels in the clinical range. (2) The uptake of lead by erythrocytes was determined in vitro at varying hematocrit and lead levels. Erythrocyte volume was not a limiting factor in lead uptake at hematocrits above 10% and lead levels below 250 ^g/ 100 ml. (2) Plasma which contained lead was dialyzed against blood at various hematocrits. Similarly, the diffusion of lead from a compartment which contained blood into another compartment which contained blood at different hematocrits was examined. At equilibrium no increased uptake of lead was found at higher hematocrits. (5) Rats with varying hematocrits because of bleeding or transfusion were given intraperitoneal injections of lead. Subsequent uptake of lead by blood did not correlate with hematocrit. (4) Rats were exposed to 1% lead in their drinking water for 4 months. No correlation between hematocrit and lead levels was found. (5) Lead was injected into yolk sacs of chick embryos. No relation between hematocrit and blood lead was found after 14 days. (6) No significant difference could be found between levels of lead in maternal and newborn infant blood despite the marked difference in hematocrit between the two groups. It may be concluded that anemia is not a limiting factor in uptake of lead by blood and that correction for low hematocrit is unnecessary and may result in an incorrect estimation of the lead burden of soft tissue.
